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During lytic infections, the virion host shutoff (Vhs) protein of herpes simplex virus accelerates the degra-
dation of both host and viral mRNAs. In so doing, it helps redirect the cell from host to viral protein synthesis
and facilitates the sequential expression of different viral genes. Vhs interacts with the cellular translation
initiation factor eIF4H, and several point mutations that abolish its mRNA degradative activity also abrogate
its ability to bind eIF4H. In addition, a complex containing bacterially expressed Vhs and a glutathione
S-transferase (GST)-eIF4H fusion protein has RNase activity. eIF4H shares a region of sequence homology
with eIF4B, and it appears to be functionally similar in that both stimulate the RNA helicase activity of eIF4A,
a component of the mRNA cap-binding complex eIF4F. We show that eIF4H interacts physically with eIF4A in
the yeast two-hybrid system and in GST pull-down assays and that the two proteins can be coimmunoprecipi-
tated from mammalian cells. Vhs also interacts with eIF4A in GST pull-down and coimmunoprecipitation
assays. Site-directed mutagenesis of Vhs and eIF4H revealed residues of each that are important for their
mutual interaction, but not for their interaction with eIF4A. Thus, Vhs, eIF4H, and eIF4A comprise a group
of proteins, each of which is able to interact directly with the other two. Whether they interact simultaneously
as a tripartite complex or sequentially is unclear. The data suggest a mechanism for linking the degradation
of an mRNA to its translation and for targeting Vhs to mRNAs and to regions of translation initiation.

During lytic infections with herpes simplex virus (HSV),
viral and cellular gene expression is regulated through a com-
plex interplay of transcriptional and posttranscriptional con-
trols (68). Of the posttranscriptional mechanisms, one of the
best characterized is the degradation of host and viral mRNAs
by the HSV virion host shutoff (Vhs) protein (UL41) (15, 59).
Vhs is an endoribonuclease that is a minor structural compo-
nent of HSV virions (12, 15, 61, 72, 92). Following uncoating,
copies of Vhs from the infecting virions destabilize host mR-
NAs in the cytoplasm (19, 70, 81). This, together with the
inhibition of pre-mRNA splicing by the HSV immediate-early
protein ICP27 (24, 25), contributes to an overall decrease in
host protein synthesis. Following the onset of viral transcrip-
tion, Vhs accelerates the turnover of viral mRNAs from all
kinetic classes (38, 53, 54, 81). In this role, it helps determine
viral mRNA levels and facilitates sequential expression of dif-
ferent classes of viral genes (38, 53, 54, 59).

While mutations that inactivate Vhs have a modest effect
upon virus growth in cell culture (39, 60, 61), they have a

striking impact upon HSV virulence in animals (3, 22, 31, 32,
40, 52, 74, 75, 78–80). The mechanisms by which Vhs affects
pathogenesis are unclear, but they appear to involve effects
upon both the adaptive and innate immune responses to HSV
infection (73). Vhs impedes antigen presentation by major
histocompatibility complex class I (85) and class II (87) mole-
cules; inhibits the secretion of cytokines which would otherwise
recruit lymphocytes, neutrophils, or other gamma-ray-sensitive
cells to the site of infection (82); and blocks the activation of
infected dendritic cells (69). vhs mutations of HSV type 2
(HSV-2) are severely attenuated in normal mice (52, 75) yet
are almost as virulent as wild-type virus in alpha/beta inter-
feron receptor knockout animals, suggesting that Vhs impedes
the alpha/beta interferon-mediated response to infection (52).

Recent studies have shown that Vhs interacts with the cel-
lular translation initiation factor eIF4H in the yeast two-hybrid
system, in vitro, and in mammalian cells (15, 18). eIF4H shares
a domain of sequence homology with eIF4B and, like eIF4B,
stimulates the ATP-dependent RNA helicase activity of
eIF4A, as well as the in vitro translation activity of the cap-
binding complex eIF4F (27, 62–67). eIF4A, in turn, is a
DEAD-box helicase that is a component of eIF4F and acts at
an early stage of ribosome scanning (23, 27, 66, 76, 83).

To date, every Vhs mutant we have examined that fails to
bind eIF4H also fails to degrade mRNAs that are translated by
cap-dependent ribosome scanning (15, 18). While this suggests
the interaction is biologically significant, the precise role, if
any, of eIF4H in Vhs-mediated decay is unclear. One possibil-
ity is that binding to eIF4H is important for determining the
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target specificity of Vhs. Several studies suggest that, in the
absence of key cellular factors, the Vhs endonuclease lacks the
target specificity seen in vivo (15, 92). Extracts of detergent-
solubilized virions contain a Vhs-dependent endonuclease that
is not restricted to mRNAs and that cleaves target RNAs at
numerous sites throughout the molecule (92). Similarly, a com-
plex of bacterially expressed Vhs and GST-eIF4H degrades
target RNAs to fragments that can no longer be seen on an
agarose gel, implying that it cuts RNAs at many sites (15). In
contrast, within infected cells Vhs exhibits two important kinds
of selectivity. First, it shows a strong preference for mRNAs, as
opposed to non-mRNAs. This is true in vivo (53, 54, 70, 81), as
well as in in vitro decay reactions containing cytoplasmic ex-
tracts from infected cells (37, 77) or in in vitro-translated Vhs
(92). Second, within mRNAs, Vhs initiates cleavage at pre-
ferred sites (12–14, 30, 84). For a number of mRNAs, these
preferred sites are near regions of translation initiation (12, 13,
30). Thus, in infected cells, sequences near the 5� end of the
HSV thymidine kinase mRNA are degraded prior to those at
the 3� end of the transcript (30), while in vitro-translated Vhs
cleaves SRP� mRNA predominantly at sites in the 5� quadrant
of the mRNA, including a cluster in the 5� untranslated region
(5� UTR) and near the start codon (12). Similarly, in vitro-
translated Vhs cleaves mRNAs containing an encephalomyo-
carditis virus (EMCV) internal ribosome entry site (IRES) at
sites downstream from the IRES (13, 44).

The observation that Vhs binds a cellular translation factor
suggests obvious possibilities for how a sequence nonspecific
endonuclease is targeted to mRNAs, as opposed to non-mR-
NAs, and to preferred sites within mRNAs (15, 18). However,
even if binding to eIF4H is required for Vhs targeting, it
cannot be sufficient, since a complex of recombinant Vhs and
GST-eIF4H is still untargeted (15). This suggests that, besides
eIF4H, one or more additional factors are required for Vhs
targeting in vivo. In this light, we further examined protein-
protein interactions involving Vhs and eIF4H. eIF4H was
found to interact with eIF4AII, one of the three isoforms of
eIF4A, in the yeast two-hybrid system, in in vitro-binding stud-
ies, and in mammalian cells. Vhs was also found to bind
eIF4AII. Site-directed mutagenesis of Vhs identified muta-
tions that abrogate binding to eIF4H but not to eIF4AII,
suggesting that the interaction between Vhs and eIF4AII is
direct and does not require a protein bridge provided by
eIF4H. Similarly, mutagenesis of eIF4H revealed some muta-
tions that affect its binding to Vhs but not to eIF4AII and
others that affect its interaction with eIF4AII but not with Vhs.
This indicates the interactions of eIF4H with Vhs and eIF4AII
can be distinguished genetically. Vhs, eIF4H, and eIF4AII thus
form a group of three proteins, each of which is able to interact
with the other two. The data illuminate the interactions involv-
ing Vhs and cellular translation factors, interactions that may
play key roles in recruiting Vhs to mRNAs, in targeting it to
preferred cleavage sites, and in linking the degradation of an
mRNA to its translation.

MATERIALS AND METHODS

Cells and virus. CV-1 cells were purchased from the American Type Culture
Collection and maintained in Eagle’s minimum essential medium (Gibco) con-
taining 10% (vol/vol) calf serum and antibiotics as described previously (16, 54,

61). The recombinant vaccinia virus vTF7 expresses the T7 RNA polymerase
(51).

Antibodies. A polyclonal rabbit antiserum raised against a Vhs-LacZ fusion
protein has been described previously (61). Monoclonal antibody that reacts with
an epitope of the influenza virus hemagglutinin (HA) was purchased from Co-
vance. Anti-Flag monoclonal antibody and anti-Flag monoclonal antibody con-
jugated to M2 agarose beads were purchased from Sigma.

Plasmids. (i) Plasmids containing wild-type and mutant vhs alleles. pKOSamp
contains the Vhs open reading frame from HSV-1 (KOS) cloned into
pcDNA1.1amp (Invitrogen) downstream from a promoter for T7 RNA polymer-
ase and the cytomegalovirus immediate-early promoter (16, 17). It is suitable for
expressing the Vhs polypeptide by in vitro transcription and translation or after
transfection of mammalian cells. D34N, D82N, E192Q, D194N, D195N, T211S,
D213N, D215N, and D261N are mutant vhs alleles constructed by site-directed
mutagenesis of pKOSamp (15, 18). The R435H allele contains a spontaneous
point mutation that changes arginine 435 to histidine (17). T214I contains a point
mutation that changes threonine 214 to isoleucine and is the allele carried by the
mutant virus Vhs 1 (16–18, 54, 55, 60). The deletion mutants K(89-489), K(1-
453), K(1-382), and �Sma have been described previously (18). All mutant vhs
alleles were cloned into the vector pcDNA1.1amp.

(ii) Plasmids for yeast two-hybrid interactions. pAS2-Vhs contains the Vhs
open reading frame cloned into pAS2-1 (Clontech) and encodes a fusion protein
of the Gal4 DNA-binding domain and the entire Vhs polypeptide (18). pAS2-4H
contains the entire eIF4H open reading frame inserted into pAS2-1 and encodes
a Gal4 DNA binding domain/eIF4H fusion protein (18). Similarly, pAS2-4HI

encodes a fusion protein with the Gal 4 DNA-binding domain fused to an eIF4H
isoform with a 20-amino-acid insertion after residue 137 (18).

The plasmids pACT2-Vhs, pACT2-4H, and pACT2-4Hi contain the Vhs,
eIF4H, and eIF4Hi open reading frames cloned into the Gal4 activation domain
vector pACT2 (Clontech). They encode fusions proteins of the Gal4 activation
domain and the Vhs, eIF4H, and eIF4Hi polypeptides (18). pAS2-4Hi was used
to screen a commercially available library of HeLa cell cDNAs cloned into
pACT2. pACT2-4AII is a plasmid isolated from that library.

(iii) Plasmids for GST pull-down experiments. pGST-4H and pGST-4Hi con-
tain the eIF4H and eIF4Hi open reading frames cloned into the vector pGEX-
5-3 (Amersham-Pharmacia) (18). They encode GST-eIF4H and GST-eIF4Hi

fusion proteins that can be expressed in bacteria. To construct pGST-4AII, the
eIF4AII open reading frame was PCR amplified from pACT2-4AII and inserted
between the BamHI and SalI sites of pGEX-5-3. It encodes a fusion protein of
GST and eIF4AII. To produce 35S-labeled target protein for GST pull-down
experiments, the open reading frame for eIF4AII was PCR amplified from
pACT2-4AII and cloned into pcDNA1.1amp downstream from a promoter rec-
ognized by T7 RNA polymerase to yield pcDNA-4AII. This plasmid was used to
produce eIF4AII by in vitro transcription and translation. A similar procedure
was used to construct pcDNA-4AII38–407, which encodes a form of eIF4AII
lacking amino acids 1 through 37 of the wild-type polypeptide.

(iv) Plasmids for transient expression of Vhs, eIF4H, and eIF4AII. pTM1-4H
and PTM1-4Hi express HA-tagged eIF4H and eIF4Hi upon transfection of
mammalian cells previously infected with vaccinia virus encoding the T7 RNA
polymerase (18). Similarly, pTM1-Vhs allows transient expression of untagged
Vhs (18). To express FLAG-tagged eIF4AII, the eIF4AII open reading frame
was PCR amplified from pACT2-4AII using an upstream primer encoding the
FLAG epitope. The resulting amplified FLAG-eIF4AII sequences were cloned
between the NcoI and SacI sites of pTM1, to yield pTM1-4AII.

Yeast two-hybrid screen. A search for cellular cDNAs encoding eIF4H-inter-
acting proteins was performed using the Matchmaker Two-Hybrid System 2
(Clontech) according to standard techniques (21), as described previously for the
identification of Vhs-interacting proteins (18). Yeast strain Y190, which contains
the his3 and lacZ genes driven by Gal4-responsive promoters, was transformed
with pAS2-4Hi. Cells receiving the bait plasmid were selected by growth on
synthetic dropout (SD) medium lacking tryptophan (Trp), and transformed with
plasmids from a commercial library of HeLa cell cDNAs in the Gal4 activation
domain vector pACT2 (Clontech). Cells that grew on SD medium containing 35
mM 3-aminotriazole (3-AT) and lacking tryptophan, leucine, and histidine po-
tentially did so because of activation of the Gal4-responsive his3 gene. These
were replica plated onto filters and screened for lacZ expression. cDNA-con-
taining plasmids were isolated from blue colonies, amplified in Escherichia coli
strain KC8 (Clontech), sequenced, and compared to known DNA and protein
sequences with the BLAST network service and software of the National Center
for Biotechnology Information.

Recombination-based two-hybrid assay. A recombination-based yeast two-
hybrid assay (58) was performed as described previously (18). To investigate the
interaction of mutant eIF4H polypeptides with Vhs, yeast strain 190 was trans-
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formed with a DNA cocktail containing pACT2-Vhs, the large SacII-BamHI
fragment of pAS2-4H, and a SalI-linearized pGEX-eIF4H plasmid containing a
mutant eIF4H allele. The large SacII-BamHI fragment of pAS2-4H contains the
vector sequences from pAS2-4H, plus sequences encoding all of eIF4H except
amino acids 22 through 171. SalI cuts pGEX-eIF4H plasmids within the vector
sequences. Transformants were plated on SD medium containing 25 mM 3-AT
and lacking tryptophan, leucine, and histidine to select for yeast that grew
because transcription of the Gal4-responsive his3 gene had been activated. Col-
onies were replica plated onto filters and tested for expression of the lacZ gene
from a Gal4-responsive promoter. Within the yeast, recombination between the
SacII-BamHI fragment of pAS2-4H and the mutant eIF4H gene (on the linear-
ized pGEX-4H plasmid) resulted in reconstitution of a pAS2-4H plasmid con-
taining the eIF4H mutation. Transformations that contained a linearized pGEX-
eIF4H plasmid carrying the wild-type eIF4H allele gave rise to at least 100 times
more LacZ� colonies on selective medium than did control transformations that
received pACT2-Vhs and the large SacII-BamHI fragment of pAS2-4H, but no
linearized pGEX-eIF4H plasmid. Mutant eIF4H alleles that gave rise to a com-
parable number of colonies as wild-type eIF4H were judged to encode proteins
that retained Vhs-binding activity. In contrast, several mutant alleles gave rise to
significantly fewer lacZ-expressing colonies on selective medium and were
judged to encode proteins with diminished ability to bind Vhs. Experiments to
test the interaction of eIF4H mutants with eIF4AII were performed using an
identical recombination-based two-hybrid protocol, except that pACT2-4AII re-
placed pACT2-Vhs in the transformation DNA cocktail.

In vitro transcription and translation. Vhs, eIF4AII, or eIF4AII(38-407) were
produced by in vitro transcription and translation from pKOSamp (17), pcDNA-
4AII, or pcDNA-4AII(38-407) using the TnT T7 Quick Coupled Transcription/
Translation system from Promega (18). Following completion, the reactions were
adjusted to 50 mM Tris-HCl (pH 8.0), 100 mM NaCl, 1% (vol/vol) NP-40, and
1 mM EDTA and used in GST pull-down assays.

GST pull-down assays. For in vitro binding assays, GST, GST-eIF4H, or
GST-eIF4AII was expressed in E. coli strain BL21 and isolated by binding to
glutathione-Sepharose 4B as described previously (18). Beads with bound GST,
GST-eIF4H, or GST-eIF4AII were resuspended in 0.4-ml portions of rabbit
reticulocyte lysates containing in vitro-translated target proteins. Thirty minutes
later, the beads were pelleted and washed. Complexes containing the GST fusion
proteins and any bound polypeptides were eluted with 10 mM glutathione and
analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and autoradiography.

Preparation of His-tagged eIF4AII. To express His-tagged eIF4AII, the
eIF4AII open reading frame was PCR amplified from pACT2-4AII and inserted
between the XhoI and NdeI sites of pET-19b (Novagen) to yield pET19b-4AII.
His-eIF4AII was expressed in E. coli BL21(DE3) and isolated by metal-chelate
affinity chromatography (43, 56, 57). Aliquots of His-eIF4AII were added to GST
pull-down reaction mixtures to see if it competed with [35S]methionine-labeled in
vitro-translated Vhs or eIF4AII for binding GST-eIF4H.

Coprecipitation of eIF4H and eIF4AII and of Vhs and eIF4AII. CV-1 cells
were grown to 90% confluence in 100-mm-diameter petri dishes and infected
with vaccinia virus vTF7 (5 PFU/cell) as described previously (18, 41). Thirty
minutes later, they were transfected with 5 �g (each) of pTM1-4H and pTM1-
4AII or pTM1-4AII and pTM1-Vhs. Twenty hours after transfection, the cells
were harvested and lysed, and immunoprecipitates were prepared (18). To an-
alyze interactions between HA-eIF4H and FLAG-eIF4AII, complexes contain-
ing HA-eIF4H were precipitated using HA-specific monoclonal antibody and
then analyzed by Western blotting using a FLAG-specific monoclonal antibody.
To examine interactions between FLAG-eIF4AII and Vhs, complexes containing
FLAG-eIF4AII were immunoprecipitated with a FLAG-specific monoclonal an-
tibody and analyzed by Western blotting using a Vhs-specific antiserum.

RESULTS

Two-hybrid screen for eIF4H-interacting proteins. Like
eIF4B, eIF4H stimulates the ATP-dependent RNA helicase
activities of eIF4A and eIF4F and stimulates �-globin synthesis
in a reconstituted rabbit reticulocyte lysate system (62–67).
However, eIF4H cannot completely substitute for eIF4B in the
assembly of 48S translation initiation complexes on mRNAs
containing moderate secondary structures in the 5� UTR (10).
Clearly, much remains to be learned about the in vivo activities
of eIF4H, as well as its interactions with other cellular proteins.
With regard to Vhs, a chain of interactions involving Vhs,
eIF4H, and perhaps other cellular proteins may be required
for targeting the Vhs endonuclease to its preferred cleavage
sites. Therefore, to better understand eIF4H and its role in
Vhs activity, we utilized it as bait in a yeast two-hybrid screen
of a human cDNA library to search for eIF4H-interacting
proteins.

Earlier studies showed that Vhs interacts with two isoforms
of eIF4H (15, 18). One, termed eIF4H, is a 228-amino-acid
polypeptide originally purified by Merrick and colleagues (62–
67). The other, designated eIF4Hi, is identical to eIF4H, ex-
cept for a 20-amino-acid insertion after residue 137 (18, 46),
and is encoded by an alternatively spliced mRNA (46). For the
two-hybrid screen, a bait plasmid encoding full-length eIF4Hi

fused to the Gal4 DNA-binding domain, was used to screen a
library of HeLa cell cDNAs cloned downstream from the Gal4
activation domain. cDNA-containing plasmids were judged to
encode potential eIF4H-interacting proteins if they induced
expression of his3 and lacZ genes from two different Gal4-
responsive promoters when used in combination with the
eIF4H-encoding bait plasmid, but not in combination with an
unrelated bait plasmid containing a lamin C cDNA or the
empty Gal4 DNA-binding domain vector. cDNAs that met the
above criteria were sequenced and compared to sequences in
available protein and nucleic acid databases. All of the cDNAs

FIG. 1. Binding of eIF4AII to a GST-eIF4H fusion protein.
(A) GST or a GST-eIF4H fusion protein was produced in E. coli,
bound to glutathione-Sepharose 4B, and incubated with rabbit reticu-
locyte lysates containing the [35S]methionine-labeled in vitro transla-
tion products of full-length eIF4AII mRNA. Bound proteins were
eluted with 10 mM glutathione and analyzed by SDS-PAGE and au-
toradiography. Lane 1 contains proteins that bound to GST-eIF4H,
lane 2 contains material that bound to GST, and lane 3 contains an
aliquot of the starting material. The 45-kDa and 41-kDa products of in
vitro translation of full-length eIF4AII mRNA are designated by the
open and filled circles, respectively. (B) GST or GST-eIF4H was in-
cubated with the in vitro translation products of full-length eIF4AII
mRNA (lane 3) or an mRNA encoding only amino acids 38 through
407 of eIF4AII (lane 4). Bound proteins were eluted and analyzed as
described in the legend to panel A. Lanes 1 and 2 contain aliquots of
the starting material. The 45-kDa and 41-kDa eIF4AII polypeptides
are designated by open and filled circles, respectively.
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encoding putative eIF4H-interacting proteins encoded one of
two polypeptides. One was eIF4AII, one of the three isoforms
of eIF4A. The other was U2AF35, the 35-kDa subunit of the
heterodimeric splicing factor U2AF (34, 91). While the inter-
action between eIF4H and U2AF35 is potentially interesting,
its significance to Vhs-induced decay is difficult to access.
Therefore, for the remainder of this study, we focused on the
interaction between eIF4H and eIF4AII.

eIF4H interacts with eIF4AII in vitro. To corroborate the
results of the two-hybrid screen, we tested whether eIF4AII is
able to bind a GST-eIF4H fusion protein by a standard GST
pull-down assay (18). [35S]methionine-labeled eIF4AII was
produced by in vitro transcription and translation and incu-
bated with glutathione-Sepharose beads charged with bacteri-
ally expressed GST, GST-eIF4H, or GST-eIF4Hi. Bound pro-
teins were eluted with 10 mM glutathione and analyzed by
SDS-PAGE and autoradiography to detect labeled eIF4AII.

In vitro translation of eIF4AII mRNA resulted in two major
products, a 45-kDa polypeptide of the size predicted for full-
length eIF4AII and a 41-kDa polypeptide (Fig. 1A and B).
Both proteins bound to beads charged with GST-eIF4H but
not to beads carrying GST, indicating a specific interaction
between eIF4H and the two eIF4AII translation products.
While the two proteins were produced in roughly equal
amounts (Fig. 1A, lane 3, and B, lane 1), substantially more of
the 41-kDa product bound to GST-eIF4H (Fig. 1A, lane 1, and
B, lane 3). Similar results were obtained for binding of the
45-kDa and 41-kDa polypeptides to GST-eIF4Hi (data not
shown).

Full-length eIF4AII has a methionine at residue 38. In rabbit
reticulocyte lysates, an appreciable amount of translation often
initiates at AUG codons downstream from the 5� proximal
one, suggesting that the 41-kDa eIF4AII product might initiate
at the AUG that encodes amino acid 38 of the full-length
protein. To test this hypothesis, sequences encoding residues
38 through 407 of eIF4AII were PCR amplified and cloned
into pcDNA1.1amp downstream from a promoter for T7 RNA
polymerase. The protein produced by in vitro transcription and
translation of this plasmid comigrated on SDS-PAGE with the
41-kDa product of in vitro translation of full-length eIF4AII
mRNA (Fig. 1B, lanes 1 and 2) and bound to GST-eIF4Hi

equally well (Fig. 1B, lanes 3 and 4). The results show that
eIF4AII binds eIF4H and eIF4Hi in vitro and that residues 1
through 37 are dispensable for the interaction.

Coimmunoprecipitation of eIF4H and eIF4AII. To deter-
mine whether eIF4H and eIF4AII interact in vivo, coimmuno-
precipitation experiments were performed using lysates of
CV-1 cells transfected with plasmids encoding HA-tagged
eIF4H and FLAG-tagged eIF4AII, either individually or in
combination. Complexes containing HA-eIF4H were precipi-
tated using HA-specific monoclonal antibody and examined
for coprecipitated FLAG-eIF4AII by Western blotting using a
FLAG-specific monoclonal antibody (Fig. 2, top). Unfraction-
ated cytoplasmic extracts were tested for HA-eIF4H and
FLAG-eIF4AII by Western blotting using the appropriate an-
tibody. Similar amounts of FLAG-eIF4AII were produced
whether or not the cells also expressed HA-eIF4H (Fig. 2,
middle), while the expression of HA-eIF4H was relatively un-
affected by whether or not the cells also expressed FLAG-
eIF4AII (Fig. 2, bottom). Although full-length FLAG-eIF4AII

was readily detected in transfected cells, no shorter polypep-
tide was observed corresponding to the 41-kDa in vitro trans-
lation product. Most importantly, FLAG-eIF4AII was precip-
itated by the HA-specific monoclonal antibody from cells
expressing both HA-eIF4H and FLAG-eIF4AII (Fig. 2, top,
lane 3) but not from cells expressing either protein alone (Fig.
2, top, lanes 1 and 2). The results show that HA-eIF4H inter-
acts with FLAG-eIF4AII in transfected cells.

Vhs interacts with eIF4AII in vitro and in vivo. The obser-
vation that eIF4H interacts with eIF4AII, as well as with Vhs
(15, 18), raised the question of whether Vhs also interacts with
eIF4AII. eIF4AII was not identified as a Vhs-interacting pro-
tein in the original yeast two-hybrid screen of a HeLa cell
cDNA library (18). However, there are numerous examples of
protein pairs that fail to drive transcription of a Gal4-respon-
sive promoter in the yeast two-hybrid system, even though
other evidence shows that the proteins interact. To explore
whether Vhs indeed interacts with eIF4AII, the eIF4AII open
reading frame was cloned into pGEX-5S-3 to produce a plas-
mid encoding a GST-eIF4AII fusion protein. GST and GST-
eIF4AII were expressed in E. coli, bound to glutathione-
Sepharose beads, and incubated with [35S]methionine-labeled
Vhs produced by in vitro transcription and translation. Vhs
bound to beads charged with GST-eIF4AII (Fig. 3A, lane 3)
but not to beads charged with GST (Fig. 3A, lane 2), indicating
a specific in vitro interaction between Vhs and GST-eIF4AII.

Next, coimmunoprecipitation experiments were performed
using cytoplasmic extracts from cells transfected with plasmids
encoding the D194N allele of Vhs and FLAG-eIF4AII, indi-

FIG. 2. Coimmunoprecipitation of eIF4H and eIF4AII from mam-
malian cells. CV-1 cells were infected with 5 PFU/cell of the recom-
binant vaccinia virus vTF7. Thirty minutes later, they were transfected
with 5 �g each of plasmids expressing HA-tagged eIF4H (lane 1),
Flag-tagged eIF4AII (lane 2), or HA-eIF4H and Flag-eIF4AII (lane
3). Cell extracts were prepared 20 h after transfection and complexes
containing HA-eIF4H were immunoprecipitated with an HA-specific
monoclonal antibody (top). Immunoprecipitates were analyzed for
coprecipitated Flag-eIF4AII by SDS-PAGE and Western blotting us-
ing a Flag-specific monoclonal antibody. To check for protein expres-
sion, aliquots of the cell lysates were analyzed directly by Western
blotting using a Flag-specific monoclonal antibody (middle) or an
HA-specific monoclonal antibody (bottom).
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vidually or in combination. Complexes containing FLAG-
eIF4AII were precipitated with a FLAG-specific monoclonal
antibody and analyzed for coprecipitated Vhs by SDS-PAGE
and Western blotting using Vhs-specific antiserum (Fig. 3B,
top). Unfractionated cytoplasmic extracts were also tested for
Vhs or FLAG-eIF4AII by Western blotting using the appro-
priate antibody (Fig. 3B, middle and bottom). The D194N
allele was used in these studies to maximize expression of Vhs.
Previous studies have shown that significantly less Vhs is ex-
pressed in cells transfected with a wild-type Vhs allele than in
cells transfected with inactive Vhs alleles, presumably because
functional Vhs degrades its own mRNA (16, 17, 55). D194N
has a point mutation that changes aspartate 194 of the nuclease
motif to asparagine. It lacks mRNA degradative activity in
transfected cells but is still able to bind eIF4H (15). Similar
amounts of D194N Vhs were expressed whether or not the
cells were cotransfected with a plasmid encoding FLAG-
eIF4AII (Fig. 3B, middle). Simlarly, FLAG-eIF4AII was
readily detected in the unfractionated extracts, whether or not
the cells also expressed Vhs (Fig. 3B, bottom). Most impor-
tantly, Vhs was precipitated by the FLAG-specific antibody
from cells expressing both Vhs and FLAG-eIF4AII (Fig. 3B,
top, lane 3), but very little was precipitated from cells express-
ing Vhs alone (Fig. 3B, top, lane 2). The data indicate that Vhs
binds FLAG-eIF4AII in transfected cells.

Mutant Vhs polypeptides that interact with eIF4AII, but not
with eIF4H. In the above experiments, Vhs interacted with
eIF4AII in the absence of added eIF4H. However, the inter-
action was observed in rabbit reticulocyte lysates and in trans-
fected cells, conditions in which endogenous eIF4H was
present. Vhs binds eIF4H (18), which, in turn, is able to bind
eIF4AII. This raised the possibility that the interaction be-
tween Vhs and eIF4AII is indirect, mediated by a molecule of
eIF4H that binds Vhs and eIF4AII simultaneously and acts as
a protein bridge. To explore this possibility, we examined
whether mutant Vhs polypeptides that no longer bind eIF4H
interact with eIF4AII. The identification of Vhs mutants that
bind eIF4AII, even though they no longer bind eIF4H, would
indicate that the Vhs-eIF4AII interaction is not mediated by
an eIF4H bridge and suggest that it is direct.

A GST-eIF4AII fusion protein was produced in bacteria and
tested for its ability to bind a collection of mutant Vhs polypep-
tides, previously analyzed for their ability to bind eIF4H (15,
18). These included two spontaneous point mutants (T214I
and R435H), four deletion/truncation mutants [K(89-489),
K(1-453), K(1-382), and �Sma], and 10 site-directed mutants
(D34N, D82N, E192Q, D194N, D195N, T211S, T211A,
D213N, D215N, and D261N) containing alterations of key
residues in the Vhs nuclease motif (15). For a diagram of the
structures of the mutant Vhs polypeptides, along with a sum-
mary of their abilities to bind eIF4AII and eIF4H, see Fig. 5.
The results of the GST pull-down experiments are shown in
Fig. 4A and B. All of the mutants fail to induce mRNA deg-
radation in infected or transfected cells (Fig. 5) (53–55, 60, 61).
Seven failed to bind eIF4H (Fig. 5) (15, 18). These included
four deletion/truncation mutants [K(89-489), K(1-453), K(1-
382), and �Sma] and three point mutants (T211A, T214I, and
R435H). Of the seven mutants that failed to bind eIF4H, six
continued to interact with eIF4AII in the GST pull-down assay
(Fig. 4A, lanes 2 to 5, 7, and 9, and 4B, lane 8, and Fig. 5).

FIG. 3. In vitro and in vivo binding of Vhs to eIF4AII. (A) Binding
of Vhs to a GST-eIF4AII fusion protein. GST or a GST-eIF4AII
fusion protein was produced in E. coli, bound to glutathione-Sepha-
rose 4B, and incubated with rabbit reticulocyte lysates containing
[35S]methionine-labeled in vitro-translated Vhs. Bound proteins were
eluted with 10 mM glutathione and analyzed by SDS-PAGE and au-
toradiography. Lanes 2 and 3 contain proteins that bound to GST-
eIF4AII and GST, respectively, while lane 1 contains an aliquot of the
starting material. The Vhs protein is indicated by an arrow. (B) Co-
immunoprecipitation of Vhs and eIF4AII from mammalian cells. CV-1
cells were infected with 5 PFU/cell of the recombinant vaccinia virus
vTF7. Thirty minutes later, they were transfected with 5 �g (each) of
plasmids expressing Flag-tagged eIF4AII (lane 1), the D194N allele of
Vhs (lane 2), or Flag-eIF4AII and D194N Vhs (lane 3). Cell extracts
were prepared 20 h after transfection, and complexes containing Flag-
eIF4AII were immunoprecipitated using a Flag-specific monoclonal
antibody (top). Immunoprecipitates were analyzed for coprecipitated
Vhs by SDS-PAGE and Western blotting with a Vhs-specific rabbit
antiserum. To check for protein expression, aliquots of the cell lysates
were analyzed directly by Western blotting using a Vhs-specific anti-
serum (middle) or a Flag-specific monoclonal antibody (bottom).
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Clearly, the binding of Vhs to eIF4AII is not dependent upon
its binding to eIF4H.

The results also begin to delineate the regions of Vhs re-
quired for its interaction with eIF4AII and indicate that they
are different from those required for binding eIF4H. While
deletion of as few as 36 amino acids from the C terminus of
Vhs is sufficient to impede its binding to eIF4H [Fig. 5, mutant
K(1-453)] (18), removal of the last 106 amino acids had no
detectable effect upon its interaction with eIF4AII (Fig. 4A,
lane 9). Similarly, the deletion of Vhs residues 148 through 342
abolished its interaction with eIF4H (mutant �Sma) (Fig. 5),
yet if anything slightly enhanced its interaction with eIF4AII
(Fig. 4A, lanes 6 and 7). Together, the results narrow the
residues of Vhs required for binding eIF4AII to two regions of
the primary sequence, from residue 1 to 147 and 343 to 382
(Fig. 5). Consistent with this, deletion of residues 1 to 87
abrogates the binding of Vhs to eIF4AII (Fig. 4A, lane 5).
However, this deletion also abolished binding to eIF4H (Fig.
5) (18), raising the possibility that it causes at least partial
misfolding of the protein.

Mutations in eIF4H that reduce binding to Vhs but not to
eIF4AII. Previous studies identified a region of eIF4H (resi-

dues 90 to 137) that is sufficient for binding Vhs in the yeast
two-hybrid system and in GST pull-down assays (18). To fur-
ther characterize this domain, site-directed mutagenesis was
used to change clusters of charged amino acids to alanine.
Full-length eIF4H polypeptides containing clustered charged-
to-alanine substitutions were then assayed for their ability to
bind Vhs and eIF4AII in the recombination-based yeast two-
hybrid system and in GST pull-down assays (see Fig. 7 and 8).
The rationale behind this approach was that clusters of
charged amino acids are likely to be found on the surface of a
protein, where they may be involved in interactions with other
molecules (9, 28, 90).

Thirteen eIF4H alleles were constructed encoding proteins
with clusters of charged residue-to-alanine substitutions be-
tween amino acids 88 and 179 (Fig. 6 to 8). Two contained
mutations that reduced the level of Vhs binding in the recom-
bination-based yeast two-hybrid system to that of control trans-
formations lacking an intact eIF4H allele. These alleles en-
coded a polypeptide with the single substitution D102A and a
protein with the cluster of four substitutions (D108A, R109A,
R112A, and D114A) (Fig. 7, lanes 4 and 5). A third polypep-
tide, with the single substitution E97A, showed reduced Vhs

FIG. 4. eIF4AII binding by wild-type and mutant Vhs. [35S]methionine-labeled wild-type and mutant Vhs polypeptides were produced by in
vitro transcription and translation and analyzed for the ability to bind a GST-eIF4AII fusion protein, as described in the legend for Fig. 1. Material
that bound to GST-eIF4AII and was eluted with 10 mM glutathione is shown in the upper gels (GST-eIF4AII pull-down) of panels A and B.
Aliquots of the input in vitro-translated material are shown in the lower gels (Input Vhs). The mutant and wild-type Vhs polypeptides are indicated
at the top of each lane. Their structures are diagrammed in Fig. 5.
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binding but not to control levels (Fig. 8, lane 5). Significantly,
the two-hybrid interaction of each of the three proteins with
eIF4AII was indistinguishable from that of wild-type eIF4H.

Qualitatively similar results were obtained using a GST pull-
down assay. GST-eIF4H fusion proteins containing the various
charged-to-alanine substitutions were incubated with a mixture
of in vitro-translated Vhs and eIF4AII, and the relative
amounts of bound Vhs and eIF4AII were determined by den-
sitometry of autoradiograms from SDS-PAGE gels of the
bound proteins. None of the charged-to-alanine substitutions
had a significant effect upon the binding of eIF4AII to the
GST-eIF4H fusion proteins (Fig. 7 and 8). In contrast, the
cluster of substitutions D108A, R109A, R112A, and D114A
reduced the binding of Vhs relative to eIF4AII by fourfold
(Fig. 7, lane 5). Similarly, the single substitutions E97A and
D102A reduced the ratio of bound Vhs to bound eIF4AII to

33% and 39% of the ratio for wild-type eIF4H, respectively
(Fig. 8, lane 5, and Fig. 7, lane 4).

To further define which substitutions in the cluster D108A,
R109A, R112A, and D114A are responsible for the reduced
binding to Vhs, eIF4H alleles were constructed containing
each of the substitutions individually. None of the single sub-
stitutions D108A, R109A, or R112A had an appreciable effect
upon binding to Vhs or eIF4AII in either the yeast two-hybrid
or GST pull-down assays (Fig. 8, lanes 6 to 8). In contrast, the
single-substitution D114A reduced the two-hybrid interaction
with Vhs to a moderate extent and reduced the ratio of bound
Vhs to bound eIF4AII to 14% of the ratio for wild-type GST-
eIF4H (Fig. 8, lane 9). Taken together, the results identified
three mutations in eIF4H (E97A, D102A, and D114A) that
reduced its interaction with Vhs, while not affecting its binding
to eIF4AII (Fig. 6).

FIG. 5. Summary of the in vivo mRNA-degradative activities of wild-type and mutant Vhs polypeptides and their abilities to bind eIF4H and
eIF4AII. The structures of the wild-type and mutant Vhs polypeptides are diagrammed on the left. For deletion mutants, the Vhs residues included
in the mutant proteins are indicated. For each point mutant, the location of the altered residue is indicated by the vertical line above the bar
representing the protein. The in vivo mRNA-degradative activity of each Vhs protein is shown in the column immediately to the right of the
diagram. This was assayed in transfected cells for all of the alleles and during virus infections for wild-type Vhs and the mutants K(1–382), Vhs
�Sma, and T214I. ��, wild-type activity; �, no detectable mRNA-degradative activity. The middle column indicates whether a Vhs protein binds
(��) or does not bind (�) eIF4H in the yeast two-hybrid system and in GST pull-down assays. These data were reported previously (18). The
right column indicates whether a Vhs protein binds (��) or does not bind (�) eIF4AII and summarizes the data shown in Fig. 4.
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eIF4AII does not compete with Vhs for binding eIF4H.
These experiments show that the binding of eIF4H to Vhs and
to eIF4AII can be distinguished genetically. They do not dis-
tinguish whether the binding sites for the two proteins on
eIF4H are physically separate or overlap. This question was
addressed in two ways. First, recombinant His-tagged eIF4AII
was expressed in E. coli and isolated by metal chelate affinity
chromatography. It was then added in increasing amounts to in
vitro-binding reaction mixtures containing GST-eIF4H and
35S-methionine labeled eIF4AII or Vhs to see if it competed
with the radiolabeled polypeptides for binding GST-eIF4H
(Fig. 9). As expected, an excess of the preparation of His-
eIF4AII competed effectively with 35S-labeled eIF4AII for
binding GST-eIF4H. In contrast, it had no detectable effect
upon the binding of 35S-labeled Vhs, suggesting that Vhs and
eIF4AII do not compete for binding to GST-eIF4H.

The second set of experiments examined the binding of
35S-labeled eIF4AII to fusion proteins containing GST fused
to various full-length or deleted forms of eIF4Hi (Fig. 10). In
previous experiments, these fusion proteins were characterized
for Vhs binding in GST pull-down assays, while the truncated
eIF4Hi polypeptides were analyzed for their interaction with
Vhs in the yeast two-hybrid system (18). In both assays, trun-
cated eIF4Hi polypeptides containing the first 211 or first 191
amino acids of eIF4Hi interacted with Vhs as well as the
248-amino-acid wild-type protein (Fig. 10, top). Shortening
eIF4Hi to 141 amino acids did not affect its binding to Vhs in
the GST pull-down assay and had only a modest effect on the
yeast two-hybrid interaction. Truncating eIF4Hi to the first 104
amino acids abolished its interaction with Vhs in both assays
(18). In contrast, shortening the eIF4Hi polypeptide by as few

as 37 amino acids (to 211 amino acids) abolished its binding to
eIF4AII in GST pull-down assays (Fig. 10,A, lane 1). These
results, with those shown in Fig. 7 through 9, indicate that
mutations in eIF4Hi that affect its binding to Vhs and eIF4AII
map to different regions of the protein. This, together with the
observation that Vhs and a preparation of His-eIF4AII do not
compete for binding GST-eIF4H, suggests the Vhs- and
eIF4AII-binding sites on eIF4H are physically distinct.

DISCUSSION

These studies are important because they extend our knowl-
edge of protein-protein interactions involving Vhs and cellular
translation factors involved in early stages of translation initi-
ation. In earlier experiments, we showed that Vhs binds the
helicase accessory factor eIF4H and identified six mutations in
Vhs that abolish the interaction (15, 18). Significantly, all six
abrogate the ability of Vhs to degrade mRNAs that are trans-
lated by cap-dependent scanning (15, 18), suggesting that the
interaction is biologically significant. In this study, we show
that eIF4H, in turn, binds the RNA helicase eIF4AII and that
Vhs also binds eIF4AII. Mutations were identified in Vhs that
abrogate its interaction with eIF4H but not with eIF4AII,
indicating that the interaction between Vhs and eIF4AII is not
mediated by a protein bridge of eIF4H and, most likely, is
direct. Similarly, the interactions of eIF4H with Vhs and with
eIF4AII can be distinguished genetically, and Vhs and eIF4AII
do not compete with each other for binding eIF4H. Taken
together, the data suggest that Vhs, eIF4H, and eIF4AII com-
prise a group of three proteins, each of which is able to interact
directly with the other two.

FIG. 6. Residues of eIF4H whose alteration reduces Vhs binding. The region of sequence homology shared by eIF4H and eIF4B is shown, with
the eIF4H amino acids and those eIF4B residues that are identical to amino acids in eIF4H indicated by white letters on a dark grey background.
eIF4B residues that represent conservative changes relative to those in eIF4H are depicted by black letters on a light grey background. eIF4B
residues that are nonconservative changes from eIF4H amino acids are indicated by black letters on a white background. eIF4H and eIF4B share
an RNA recognition motif RNA-binding domain containing two RNP motifs (RNP-1 and RNP-2) that are boxed. The Vhs interaction domain of
eIF4H, as defined by deletion mutagenesis (18), is indicated by the dark line under the eIF4H sequence. Thirteen eIF4H mutants were constructed
in which clusters of charged amino acids were altered by site-directed mutagenesis. The amino acids that were altered in a particular mutant are
underlined and indicated by the number of the mutant under the residue. For example, in mutant 1, E88, D90, and E91 were altered together.
All of the indicated charged amino acids were changed to alanine except for mutant 8, in which R139 and K130 were both changed to threonine.
The three charged eIF4H amino acids, whose modification to alanine significantly reduces Vhs binding, are indicated by white type on a black
background, as are the corresponding residues of eIF4B.
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These results have significant implications for understanding
how a sequence-nonspecific endonuclease, such as Vhs, is tar-
geted to mRNAs, as opposed to non-mRNAs, and to regions
of translation initiation in at least some mRNAs. Our earlier
observation that Vhs binds eIF4H suggested that the targeting
of Vhs may occur through its interaction with one or more
cellular translation factors (15, 18). However, implicit in this
model was a requirement for additional cellular factors beside
eIF4H, since eIF4H is a helicase accessory factor that lacks
sequence specificity. Not surprisingly, a complex of recombi-
nant Vhs and GST-eIF4H remains a nonselective nuclease that
lacks the specificity to distinguish mRNAs from nontranslated
RNAs and to recognize preferred sites within mRNAs (15). In
this light, the observation that Vhs and eIF4H both bind
eIF4AII is important because eIF4AII binds eIF4G and, to-
gether with eIF4G and eIF4E, is a component of the cap-
binding complex eIF4F (23, 27). The results, thus, suggest a
model in which eIF4AII is a key participant in a chain of
protein-protein interactions that recruits Vhs to the 5� end of
capped mRNAs.

While this is an attractive model, many details remain to be

tested. Consistent with the model, Vhs can be isolated as a
component of cap-binding complexes prepared by chromatog-
raphy of cytoplasmic extracts on 7-methyl GTP Sepharose 4B
(D. Agarwal, H. Garson, and G. S. Read, Abstr. 29th Int.
Herpesvirus Wkshp., abstr. 1.62, 2004). While it is logical to
think this association with the cap-binding complex is mediated
through the binding of Vhs to eIF4AII and/or eIF4H, this
remains to be shown. In addition, there is currently little ge-
netic data indicating that the interaction with eIF4AII is re-
quired for targeted Vhs activity in vivo. At present, only one
mutant Vhs polypeptide, K(89-489), has been identified that
fails to bind eIF4AII (Fig. 5). It fails to degrade mRNAs in
transfected cells, a finding that is consistent with a role for
eIF4AII binding in Vhs activity. However, this mutant also fails
to bind eIF4H, making it unclear whether its lack of mRNA
degradative activity is due to a defect in binding eIF4AII, a
defect in binding eIF4H, or to something else. Efforts are
under way to isolate Vhs mutants that do not bind eIF4AII but
retain eIF4H-binding and endonuclease activities and to test
their mRNA degradative activities in transfected and infected
cells.

FIG. 7. Binding of mutant eIF4H polypeptides to Vhs and eIF4AII. Eight of the mutant eIF4H polypeptides diagrammed in Fig. 6 were tested
for binding to Vhs and full-length eIF4AII using the recombination-based yeast two-hybrid system and GST pull-down assays. The number of each
mutant is shown at the top of the figure, just above the amino acid substitutions that each mutant contains. The second and third lines contain the
results of recombination based yeast two-hybrid assays to test the interaction of the mutant eIF4H polypeptides with Vhs and eIF4AII, respectively.
�� indicates that the mutant eIF4H allele yielded a number of colonies similar to that of the wild-type eIF4H in the recombination-based
two-hybrid assay; � indicates that the number of colonies was reduced at least 10 fold relative to those of wild-type eIF4H. For GST pull-down
assays, full-length mutant eIF4H polypeptides were expressed as GST-eIF4H fusion proteins in E. coli, bound to glutathione-Sepharose 4B, and
incubated with rabbit reticulocyte lysates containing a mixture of [35S]methionine-labeled Vhs and eIF4AII produced by in vitro transcription and
translation. Bound proteins were eluted with 10 mM glutathione and analyzed by SDS-PAGE and autoradiography as described in the legends to
Fig. 1 and 3. The positions of Vhs and full-length eIF4AII are indicated by the arrows to the left of the gel. For each mutant, the relative amounts
of bound Vhs and eIF4AII were determined by densitometric scanning of the autoradiogram and expressed as a ratio normalized to the ratio
determined for wild-type eIF4H (data not shown). These ratios are indicated in line 4. Lane 1 contains an aliquot of the input mixture of Vhs and
full-length eIF4AII; lane 2 contains material that bound to GST alone; lanes 3 through 10 contain material that bound to each of the mutant
GST-eIF4H fusion proteins.
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Examination of the existing mutants reveals six that fail to
degrade mRNAs that are translated by cap-dependent scan-
ning (15, 18, 53–55, 61), even though they still bind eIF4AII
(Fig. 5). All six fail to bind eIF4H (18). Although it has no
effect on the vast majority of scanned mRNAs (53, 54, 60), at
least one of the mutant polypeptides, T214I, still cleaves mR-
NAs containing an EMCV IRES in rabbit reticulocyte lysates,
indicating that it is an active endonuclease (44). These results
have several important implications. (i) Endonuclease activity
is not the only attribute required for Vhs to degrade mRNAs
in vivo. A mutant polypeptide, such as T214I, may fail to
degrade mRNAs that are translated by scanning, even if it is an
active endonuclease, presumably because it fails in key protein-
protein interactions required to target it to preferred cleavage
sites or to localize it in the cell. (ii) Since virus containing the
T214I mutation is viable (60), expression of an active, but
apparently untargeted, Vhs endonuclease is not so detrimental
to an infected cell that it precludes virus growth. (iii) Binding
to eIF4AII may prove to be required for targeting of the Vhs
endonuclease and cleavage of mRNAs that are translated by
scanning, but it is not sufficient. This is shown by the existence
of mutant polypeptides, such as T214I, that have endonuclease
activity and bind eIF4AII but do not cleave scanned mRNAs in
vivo. To date, T214I and every other mutant that fails to bind
eIF4H also fail to degrade mRNAs that are translated by

cap-dependent scanning. The data are consistent with the pos-
sibility that binding to both eIF4AII and eIF4H is required for
cleavage of scanned mRNAs but that binding to either factor
alone is not sufficient.

In contrast to the situation for scanned mRNAs, cleavage of
mRNAs containing an EMCV IRES may not require the in-
teraction between Vhs and eIF4H. This is suggested by the
observation that the T214I polypeptide cleaves EMCV IRES-
containing mRNAs (44), even though it does not bind eIF4H
(18). A key to the IRES-directed cleavage activity of the T214I
protein may be its ability to bind eIF4AII (Fig. 5), since an
early step in translation initiation at an EMCV IRES is the
direct binding of eIF4G to the IRES, along with eIF4A (26, 35,
36, 43, 57). This raises the possibility that Vhs cleavage of
mRNAs that are translated by cap-dependent scanning re-
quires the binding of Vhs to both eIF4H and eIF4AII but that
cleavage downstream from an EMCV IRES requires binding
only to eIF4AII. Analysis of mutants that bind eIF4H but not
eIF4AII or that bind eIF4AII but not eIF4H will be an impor-
tant test of this possibility.

The binding of Vhs to eIF4AII and eIF4H reprises a theme
that recurs in both eukaryotic and prokaryotic systems, that of
an RNase or another protein involved in mRNA decay that
interacts with an RNA helicase. In E. coli, the degradosome is
a multienzyme complex involved in the degradation of numer-

FIG. 8. Binding of mutant eIF4H polypeptides to Vhs and eIF4AII. Five of the eIF4H mutants diagrammed in Fig. 6 and four additional
mutants (mutants 6a, 6b, 6c, and 6d), were tested for binding to Vhs and full-length eIF4AII by using the recombination-based yeast two-hybrid
system and GST pull-down assays. The number of each mutant is shown at the top of the figure, just above the amino acid substitutions that each
mutant contains. The second and third lines contain the results of recombination based yeast two-hybrid assays to test the interaction of the mutant
eIF4H polypeptides with Vhs and eIF4AII, respectively. ��, mutant eIF4H allele yielded a number of colonies similar to that of wild-type eIF4H
by the recombination-based two-hybrid assay; �/�, the number of colonies was reduced at least fourfold but �10 fold relative to wild-type eIF4H.
For GST pull-down assays, full-length mutant eIF4H polypeptides were expressed as GST-eIF4H fusion proteins in E. coli, bound to glutathione-
Sepharose 4B, and incubated with rabbit reticulocyte lysates containing a mixture of [35S]methionine-labeled Vhs and eIF4AII produced by in vitro
transcription and translation. Bound proteins were eluted with 10 mM glutathione and analyzed by SDS-PAGE and autoradiography as described
in the legends to Fig. 1 and 3. The positions of Vhs and full-length eIF4AII are indicated by the arrows to the left of the gel. For each mutant,
the relative amounts of bound Vhs and eIF4AII were determined by densitometric scanning of the autoradiogram and expressed as a ratio
normalized to the ratio that was determined for wild-type eIF4H (data not shown). These ratios are indicated in line 4. Lane 1 contains an aliquot
of the input full-length eIF4AII, lane 2 contains an aliquot of the input Vhs, and lanes 3 through 11 contain material that bound to each of the
mutant GST-eIF4H fusion proteins.
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ous mRNAs (4, 5, 33, 89). It includes RNase E, a single-strand
specific endonuclease that also serves as a scaffold for the other
components, as well as poly(A) polymerase, enolase, polynu-
cleotide phosphorylase, and the DEAD box RNA helicase
RhlB (4, 5, 33, 89). Degradation of some structured mRNAs is
initiated by RNase E cleavage, followed by polynucleotide
phosphorylase-mediated degradation of the fragments through
a process facilitated by the helicase activity of RhlB (5, 7, 33,
45, 89). In yeast, the DEAD box helicase Dhh1p interacts with
the decapping factor Dcp1p and several other decapping pro-
teins. dhh1� mutants accumulate mRNAs that are deadeny-
lated but still capped, indicating that Dhh1p stimulates the
decapping step of mRNA degradation, following mRNA dead-
enylation and before 5�-to-3� exonuclease digestion (8). Simi-
larly, the exosome is a complex of 10 or more proteins involved
in RNA processing and in 3�-to-5� exonuclease digestion of
mRNAs in yeast and mammalian cells (1, 2, 50, 86, 88). Exo-
some components include several exonucleases, as well as the
Ski2p RNA helicase. Ski2p facilitates the 3�-to-5� degradation
of yeast mRNAs, suggesting that the helicase activity aids ex-
onuclease activity by unwinding secondary structures in the
mRNA or disrupting RNA-protein interactions (2, 88).
Whether the eIF4H-stimulated helicase activity of eIF4AII
plays a similar role in Vhs activity remains to be determined.

Recently, Doepker and colleagues made the important ob-
servation that Vhs binds eIF4B in a Far-Western blotting assay

(11). They also found that recombinant eIF4B and eIF4H both
stimulated the Vhs-dependent endonuclease activity present in
whole-cell extracts of yeast engineered to express Vhs (11).
Previous studies of eIF4H deletion mutants had shown that a
region of eIF4H spanning amino acids 90 to 137 is necessary
and sufficient for binding Vhs in GST pull-down assays and in
the yeast two-hybrid system (18). As shown in Fig. 6, this
region partially overlaps the region of sequence homology that
eIF4H shares with eIF4B (63). Furthermore, the three eIF4H
amino acids (E97, D102, and D114) whose modification to
alanine reduces Vhs binding fall within this region of overlap
(Fig. 6). While eIF4H and eIF4B both stimulate the ATP-
dependent RNA helicase activity of eIF4A and appear to have
similar functions in stimulating translation initiation (27, 62–
65, 67), eIF4B has properties that have not been reported for
eIF4H and which may be important for understanding the
details of Vhs activity. eIF4B functions as a dimer, while eIF4H
functions as a monomer (62). The proteins share an RNA
recognition motif RNA-binding domain, but within its carboxy-
terminal half eIF4B also has an arginine-rich RNA-binding
motif that eIF4H lacks (62). eIF4B can bind two different
RNAs at once (47), it can bind ribosomes in vitro (29), and it
also interacts with eIF3 (48). As a consequence, besides its role
in stimulating the helicase activity of eIF4A, eIF4B has been
postulated to facilitate ribosome binding by providing a bridge
between the mRNA and ribosomes, either directly or through

FIG. 9. eIF4AII does not compete with Vhs for binding to GST-eIF4H. (A) His-tagged eIF4AII was expressed in E. coli and isolated by metal
chelate affinity chromatography. An aliquot was analyzed by SDS-PAGE and detected by staining the gel with Coomassie (lane 1). His-eIF4AII
is indicated by the arrow. Lane 2 contains molecular mass standards. (B) GST-eIF4H was expressed in E. coli, bound to glutathione-Sepharose
4B, and incubated with rabbit reticulocyte lysates containing [35S]methionine-labeled in vitro-translated Vhs (lanes 2 to 5) or full-length eIF4AII
(lanes 7 to 10). The incubations also contained 0 �g (lanes 2 and 7), 2 �g (lanes 3 and 8), 10 �g (lanes 4 and 9), or 50 �g (lanes 5 and 10) of the
His-eIF4AII preparation shown in panel A. Material that bound GST-eIF4H and was eluted with 10 mM glutathione was analyzed by SDS-PAGE
and autoradiography. Aliquots of the input Vhs and eIF4AII were run in lanes 1 and 6, respectively. The positions of the Vhs and full-length
eIF4AII polypeptides are shown by arrows. (C) For each of the incubations, the amount of 35S-labeled Vhs or eIF4AII that bound GST-eIF4H
was determined by densitometric scanning of the lanes shown in panel B. For each concentration of added His-eIF4AII, the amount of bound
35S-labeled Vhs or eIF4AII was plotted as a fraction of the amount that bound GST-eIF4H in the absence of added His-eIF4AII.
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eIF3 (23, 27, 48, 49). In view of these differences, it is impor-
tant to determine whether the in vivo activity of Vhs is depen-
dent upon its binding to eIF4H, to eIF4B, or to both. An
approach to this question may be afforded by recent studies
identifying Vhs mutations that affect the binding to eIF4H and
to eIF4B differently (D. Agarwal, H. Garson, and G. S. Read,
Abstr. 29th Int.al Herpesvirus Wkshp., abstr. 1.62, 2004). Fur-
ther characterization of these mutants may provide important
insights into the mechanism of Vhs activity.

Our studies show that Vhs binds eIF4AII. Whether it binds
the other eIF4A isoforms, eIF4AI and eIF4AIII, remains an
important unanswered question. eIF4AI is 91% identical in
amino acid sequence to eIF4AII, and the two are functionally
interchangeable by most in vitro translation assays (42). Given
this similarity, it is striking that Doepker and coworkers de-
tected no interaction between Vhs and eIF4AI by a far West-
ern blotting assay (11). The difference between their results
and ours may reflect a real difference in the binding of Vhs to
eIF4AII and to eIF4AI. Alternatively, it may stem from dif-

ferences in the procedures used to detect the interaction. In
our study, an interaction was detected between soluble Vhs
and eIF4AII by GST pull-down and coimmunoprecipitation
assays. In Doepker’s experiments, eIF4AI was denatured, sub-
jected to SDS-PAGE, and blotted to nitrocellulose; binding to
Vhs was tested by probing the membrane with [35S]methi-
onine-labeled in vitro-translated Vhs (11). The lack of inter-
action could be explained if eIF4AI did not renature to a
sufficient extent to bind Vhs. The third isoform, eIF4AIII, is
only 65% identical to eIF4AI; while it possesses RNA helicase
activity, it cannot substitute for eIF4AI or eIF4AII in a recon-
stituted 40S ribosome-binding assay in vitro (42). Recently,
eIF4AIII has been shown to be a component of the exon
junction complex that is recruited to mRNAs as a result of
splicing (6, 20, 71) and to function during nonsense-mediated
mRNA decay (20, 71). A finding that Vhs binds eIF4AIII
would be significant because it would suggest a potential mech-
anism by which Vhs could be targeted to sites on mRNAs other
than regions of translation initiation.

In this regard, recent studies from Roizman and coworkers
suggest that Vhs cleavage of some ARE-containing mRNAs
may initiate in the 3� UTR rather than in the 5� UTR or near
the start codon (14, 84). How many mRNAs are cleaved at
sites other than in regions of translation initiation and how Vhs
might be targeted to those sites are unclear. One possibility is
that cleavage at sites near regions of initiation is dependent
upon the binding of Vhs to cellular translation initiation fac-
tors, while cleavage at sites outside of initiation regions is not,
requiring instead the binding of Vhs to other cellular RNA-
binding proteins. If this is the case, the fraction of mRNAs that
are cleaved outside of regions of initiation would appear to be
small, since the T214I point mutation, which impedes binding
to eIF4H, abrogates Vhs cleavage of the vast majority of cel-
lular and viral mRNAs even though the Vhs polypeptide re-
tains endonuclease activity (53, 54, 60, 61). Alternatively, the
targeting of Vhs may depend upon its ability to interact with
translation factors, regardless of whether the preferred cleav-
age sites are in regions of translation initiation or not. Vhs may
be initially directed to mRNAs through its interaction with
eIF4H, eIF4AII, or eIF4B and indirectly with other compo-
nents of the translation apparatus. Following this initial load-
ing, it may be targeted to regions of translation initiation in
some mRNAs through a process requiring progression through
one or more steps in the pathway of ribosome scanning. For
other mRNAs, secondary structure, either intrinsic to the
mRNA or resulting from interactions between translation fac-
tors at the 5� end and RNA-binding proteins bound to se-
quences in the 3� UTR, may bring Vhs into the vicinity of the
preferred cleavage sites. These and other models are currently
under investigation.
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